Mavelli. F0F1 ATP synthase activity is differently modulated by coronary reactive hyperemia before and after ischemic preconditioning in the goat. Am J Physiol Heart Circ Physiol 287: H2192-H2200, 2004. First published June 24, 2004; doi:10.1152/ajpheart.00327. 2004.-The amplitude of coronary reactive hyperemia (CRH), elicited by 15 s of ischemia, is reduced in hearts subjected to 5 min of ischemic preconditioning (IP). F 0F1 ATP synthase activity and ATP concentration are also altered by IP. We hypothesized that F 0F1 ATP synthase is differently modulated by the inhibitor protein IF 1 during CRH elicited before (CRH np) and after (CRHprec) IP. Hemodynamic parameters were recorded in 10 anesthetized goats. Myocardial biopsies were obtained before IP (C np), during CRHnp, 4 and 6 min after the onset of CRH np, after IP (Cprec), during CRHprec, and 4 min after CRH prec. F0F1 ATP synthase activity, ATP concentration, and ATPto-ADP ratio (ATP/ADP) were determined. Compared with CRH np, IP blunted CRH prec. F0F1 ATP synthase activity transiently increased during CRH np, decreased 4 min after CRHnp, and returned to control 2 min later; it was lower after IP (C prec) and did not change during and after CRH prec. All these changes in activity were modulated by IF1. During CRH np, ATP concentration and ATP/ADP were reduced compared with C np and began to rise 6 min thereafter. During Cprec, both parameters were transiently reduced but increased during and after CRH prec. Hence, during CRHnp, F0F1 ATP synthase activity transiently increases and then decreases significantly. The shortlasting inhibition of the enzyme may explain why a few seconds of occlusion do not induce IP. After IP, F 0F1 ATP synthase activity is blunted, and it is not affected by a subsequent 15 s of occlusion, which induces a blunted CRH prec. These results suggest that postischemic long-lasting inhibition of F 0F1 ATP synthase activity may be a feature of the preconditioned heart. The increase in ATP concentration after preconditioning is in agreement with previous reports of reduced ATP hydrolysis by cytoplasmic ATPases. coronary circulation; energy metabolism; ischemia; mitochondria THE IMMEDIATE SOURCE OF ENERGY for myocardial contraction is provided by the hydrolysis of ATP. Although ATP hydrolysis is carried out by a number of ATPases, its resynthesis is mainly mediated by mitochondrial F 0 F 1 ATP synthase, which couples the transport of protons across the mitochondrial inner membrane to the synthesis of ATP (6, 7, 12) . However, when the proton electrochemical gradient across the inner membrane collapses, the enzyme switches its catalytic activity from ATP synthesis to ATP hydrolysis (12). Although the hydrolytic activity during ischemia counteracts the ischemia-induced collapse of the proton electrochemical gradient across the inner membrane, F 0 F 1 ATP synthase is a major consumer of ATP under ischemic conditions (12, 37). The modulation of F 0 F 1 ATP synthase hydrolytic activity during ischemia may therefore play an important role in maintaining the intracellular ATP levels (2, 40, 48). The inhibition of F 0 F 1 ATP synthase hydrolytic activity during ischemia is mediated by the interaction between the enzyme and the inhibitor protein IF 1 , which modulates the enzyme activity by reversibly binding to one of the three ␤-subunits of the catalytic sector F 1 (10, 15, 25) . Hence, IF 1 binding/release to/from the F 0 F 1 ATP synthase complex may be a physiological regulator of the enzyme activity (12).
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Ischemic preconditioning (IP), which is achieved by brief (a few minutes) episodes of coronary occlusion, is well known to induce myocardial protection against the injury caused by sustained ischemia followed by reperfusion (27) . Among other effects, IP induces a sort of "metabolic hibernation," characterized by a reduction in the ATP pool combined with a reduction in ATP hydrolytic rate during subsequent ischemic stress (17, 19, 28, 35, 43) . The duration (minutes or days) of the reduction in the ATP pool depends on the duration of the preconditioning ischemia, whereas the reduction in ATP hydrolysis is consistent with a reduction in metabolic demand (17, 19, 28, 35, 43) .
Coronary reactive hyperemia (CRH) is the increase in flow that follows a coronary occlusion brought about primarily by the release of vasoactive compounds from ischemic myocardium, with the contribution of a myogenic mechanism and endothelial factors (9, 13, 46) . For instance, CRH can be obtained with 15 s of coronary occlusion, which has been demonstrated not to cause preconditioning and not to alter the hyperemic response, even if repeated several times at intervals of only 4 min (32) . It has been shown that when IP is accomplished in dogs and goats with 5-10 min of ischemia, the magnitude and duration of a CRH subsequent to the 15-s occlusion are reduced (8, 20, 30, 32) .
Several studies (2, 7, 48) have suggested that IF 1 could mediate the inhibition of F 0 F 1 ATP synthase observed in preconditioned myocardium. However, contradictory results have been reported (11, 47) . In particular, data are lacking on the relation between the ATP-to-ADP ratio (ATP/ADP) and F 0 F 1 ATP synthase activity during a CRH elicited by a few seconds of occlusion in normal and preconditioned hearts.
Because myocardial metabolism is strictly aerobic, we hypothesize that F 0 F 1 ATP synthase may be modulated by the inhibitor protein IF 1 during a CRH, even if CRH is elicited by only 15 s of ischemia. Moreover, because CRH is blunted by IP, we hypothesize that F 0 F 1 ATP synthase may be inhibited in such a condition. Hence, the goals of this study are 1) to assess the dynamics of F 0 F 1 ATP synthase activity, ATP concentration, and ATP/ADP during and after CRH, 2) to determine whether IP affects these dynamics, and 3) to determine whether the reduction of CRH after IP (8, 30, 32) is accompanied by variations in F 0 F 1 ATP synthase activity. To accomplish these goals, we assayed ATP concentration, ATP/ADP, and F 0 F 1 ATP synthase activity in myocardial biopsies obtained before, during, and after CRH elicited by 15 s of ischemia, with and without IP.
METHODS
The experiments were performed in accordance with the Guide for the Care Experimental model. The experiments were carried out in 10 anesthetized goats weighing 45-60 kg. Anesthesia was induced by injection of ketamine hydrochloride (15 mg/kg iv) and was maintained by ventilation with 2:1 nitrous oxide-oxygen and a continuous infusion of ketamine hydrochloride (24 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 ). Fentanyl (Fentanest, Pharmacia; Milan, Italy) was injected hourly (1 mg/kg) (8, 30, 32) . The right external jugular vein and both common carotid arteries were isolated through a ventral incision in the neck. A catheter was inserted into the jugular vein for administration of solutions needed to maintain anesthesia and acid-base balance within normal limits. Catheters were inserted into the two common carotid arteries. One of the catheters, connected to an electromanometer, was pushed into the aortic root to record aortic blood pressure (ABP); the other was used to obtain samples of arterial blood for the assessment of acid-base balance and respiratory conditions of the animals. Needle electrodes were inserted into the muscles of the proximal part of the limbs to record ECG from one of the limb leads.
The chest was opened by left lateral thoracotomy, and the heart was suspended in a pericardial cradle. The proximal part of the left circumflex coronary artery (LCCA) was gently isolated, and a flow probe, connected to an electromagnetic flowmeter, was placed around the LCCA to record coronary blood flow (CBF). Distal to this flow probe, a snare was placed around the artery. The snare was used to occlude the artery to obtain zero flow level and to produce CRH and IP. The temperature was monitored by means of an esophageal thermistor probe (model DU-3, Ellab; Copenhagen, Denmark) and was maintained within normal limits using an electric heating pad and/or an infrared lamp. The respiration and acid-base status of animals were monitored using a gas analyzer (model 280, CibaCorning; Halstead, Essex, UK). PO2 and PCO2 were kept within the normal limits of the goat (24) by regulation of pump rate and tidal volume and/or addition of oxygen to the inspired air.
ABP, CBF, and ECG were recorded with a cassette data recorder (model R-71, TEAC, Tokyo, Japan) and reproduced using an electrostatic paper recorder (model ES-1000, Gould, Paris, France). The mean ABP was obtained by graphic integration of the relevant curve. CBF was measured in diastole, when myocardial contraction does not affect coronary resistance. Resting diastolic CBF and the following variables of CRH were determined: diastolic CBF at the peak of the hyperemia, duration of the hyperemia, and total hyperemic flow. The duration of the hyperemic response was calculated as the time between the release of the occlusion and the instant the flow had returned to Յ5% from the control value. Total hyperemic flow was defined as the area between the flow trace and the zero line over the duration of the response.
Experimental protocol. Eight animals underwent the protocol described in Fig. 1 . Briefly, before preconditioning, baseline data were recorded as nonpreconditioned control (Cnp), when a steady-state condition was attained. This typically occurred within 30 min after the preparation was completed. Then, a first CRH was induced (CRHnp). After collection of baseline data, IP was induced. After preconditioning, again control data (C prec) were recorded and a second CRH was induced (CRH prec).
To induce CRH, the LCCA was occluded with the snare distal to the flow probe and released after 15 s. To induce IP, the LCCA was occluded twice for 2.5 min each, with an interval of 5 min between occlusions. Such a combination of ischemia and reperfusion falls within the temporal limits required to induce myocardial and vascular preconditioning in all investigated animal species (31, 43) . The second CRH (CRH prec) was induced as described for CRHnp at ϳ10 min after IP, i.e., after the flow was normalized and C prec data were collected.
In two additional animals, CRH prec was not induced to assess the effects of IP alone.
Biopsies. In eight animals, seven cardiac biopsies (20 -30 mg) were obtained as described by Scholz and Balaban (42) from the area perfused by the LCCA. Biopsies were obtained in the control before IP (C np), during hyperemia (20 s), and 4 and 6 min after the beginning of CRH np, as well as in the control after IP (Cprec, i.e., 10 min after release of the second 2.5-min occlusion of the IP protocol), during hyperemia (20 s), and 4 min after the beginning of CRH prec. In four of these eight animals, biopsies were also obtained 30 min after C prec. In the two additional experiments, biopsies were obtained 10 min after IP (i.e., Cprec), as well as 4 and 30 min after Cprec. In all animals, biopsies were also obtained at the end of the experiments from an area distal to the risk area (remote control). Biopsies were rapidly divided into two parts: one was immediately used to measure F0F1 ATP synthase activity, and the other was immediately frozen in liquid nitrogen and stored at Ϫ80°C until it was used for nucleotide assay or electrophoretic analysis (see below). The area perfused by the LCCA was visually identified on the basis of the distribution of epicardial branches of the artery. At the end of the experiments, the vascular bed in which the sites of the biopsies were included was confirmed by occluding the LCCA and perfusing the heart with monastral blue.
Analytic procedures. F0F1 ATP synthase activity was always measured as the maximal ATP hydrolytic activity (Vmax) and is reported as micromoles of ATP per minute per milligram of protein (U/mg). The fresh parts of the biopsies were used. In the case of Cnp, the sample was divided into three pieces; in the other cases, the samples were divided into two pieces.
The first piece of all biopsies (ϳ3 mg of tissue) was homogenized by brief (3 times for 20 s each) sonication (model UP 50H dr, Hielscher; Berlin, Germany) to expose the F1 sector to the solvent. To avoid release of IF1 from the enzyme, sonication was performed under controlled conditions in 0.25 ml of ice-cold low-salt buffer (20 mM HEPES, 1 mM MgCl2, and 2 mM EGTA, pH 7.2). This buffer was low in Ca 2ϩ and Na ϩ to limit any contribution from ATPases other than F0F1 ATP synthase. The Vmax of F0F1 ATP synthase was then measured as described by Comelli et al. (4) . In all samples, Ͼ90% of the ATP hydrolytic activity assayed was oligomycin sensitive and Ͻ6% was sensitive to vanadate or ouabain, demonstrating that the activity was mainly due to mitochondrial F0F1 ATP synthase. The activity was assayed at 37°C in the presence of an ATP-regenerating system by coupling ATP hydrolysis to NADH oxidation (37) and was monitored spectrophotometrically at a wavelength of 340 nm.
A partial or maximal increase in enzyme activity can be achieved in vitro when the IF1-F0F1 ATP synthase complex is exposed to high ionic concentration, which induces a partial release of IF1, or to high pH, which induces an almost complete release of IF1 (34, 38, 40, 42) . Then, to provide an indication of IF1 involvement in the enzyme modulation in vivo, the second piece of the fresh biopsy was sonicated in the presence of 150 mM KCl, which is known to induce the partial IF1 release (42) .
Finally, the sonication of the third piece of the Cnp biopsy was performed in the presence of 0.25 M sucrose, 1 mM ATP, and 2 mM EDTA, with pH adjusted to 9.2 with NH4OH. This procedure stripped away IF1 (40) and allowed us to estimate the potential maximal activity elicited by the enzyme. Protein concentration was determined by the method described by Lowry et al. (22) .
To perform the electrophoretic analysis, frozen biopsies (10 -15 mg) were treated with n-dodecylmaltoside in aminocaproic acid, and the extracts were subjected to blue native electrophoresis (BN-PAGE) (45) . Then, the gels were stained with Coomassie blue G, and the banding patterns were scanned using a LKB Ultrascan XL densitometer. The protein concentration of the detergent extracts was determined by the method described by Bradford (3) .
Part of the frozen tissue was extracted with 0.5 M perchloric acid, neutralized, and analyzed for ATP and ADP by high-pressure liquid chromatography as described elsewhere (26) .
Statistics. Values are means Ϯ SE. For statistical analysis, one-way ANOVA with Tukey's honestly significant difference post hoc test was used to evaluate separately the statistical significance of the differences of the parameter before and after IP (i.e., from C np to 6 min after CRHnp and from Cprec to 4 min after CRHprec). Student's t-test for paired data (2-tailed) was used to evaluate the statistical significance of the differences between C np and Cprec and the difference of total hyperemic flow and duration of CRH before and after IP. In all cases, P Ͻ 0.05 was considered statistically significant.
RESULTS
Hemodynamic data. Figure 2 shows traces of ABP and CBF with CRH before and after IP. No significant changes were observed for ABP and heart rate before and after IP. IP did not affect basal CBF (59 Ϯ 3 vs. 58 Ϯ 3 ml/min) but induced remarkable changes in CRH. The relevant data are reported in Table 1 . As expected (8, 20, 30, 32) , IP caused a 23% reduction (from 248 Ϯ 8 to 190 Ϯ 7 ml/min, P Ͻ 0.01, Student's t-test) in total hyperemic flow. This reduction was associated with a 12% reduction (from 150 Ϯ 8 to 132 Ϯ 5 s, P Ͻ 0.01, Student's t-test) of CRH duration.
Biochemical data. Inasmuch as the biopsies were rather small in two animals, not all experiments were successful. Therefore, in eight animals (6 of the group of 8 animals ϩ 2 additional animals), all the pieces of biopsies (see Analytic procedures) were used to determine all studied parameters.
Effect of CRH on F 0 F 1 ATP synthase activity before and after IP. V max of F 0 F 1 ATP synthase was assayed at the times indicated by downward arrows in Fig. 1 . Data are reported in Table 1 . F 0 F 1 ATP synthase activity significantly (P Ͻ 0.05) increased from 0.99 Ϯ 0.03 U/mg in C np to 1.20 Ϯ 0.10 U/mg during CRH np . At 4 min after the beginning of CRH np , when blood flow returned to the level at C np , F 0 F 1 ATP synthase activity was low (0.72 Ϯ 0.035 U/mg, P Ͻ 0.05 vs. C np ) and then recovered to near baseline [0.97 Ϯ 0.05 U/mg, P ϭ not significant (NS) vs. C np ] 2 min later, i.e., 6 min after the beginning of CRH np .
At 10 min after IP (C prec ), F 0 F 1 ATP synthase activity was 0.87 Ϯ 0.04 U/mg, which is significantly (P Ͻ 0.05, Student's t-test) less than in C np . During CRH prec , F 0 F 1 ATP synthase activity was 1.00 Ϯ 0.03 U/mg, which is not significantly different from that recorded in C prec . At 4 min after the beginning of CRH prec , F 0 F 1 ATP synthase activity showed almost the same value (0.88 Ϯ 0.06 U/mg) as in C prec . In the animals in which we assessed the effects of IP, F 0 F 1 ATP synthase activity remained as low as at C prec until 30 min after IP (0.90 Ϯ 0.02 U/mg, P ϭ NS vs. C prec ).
Modulation of F 0 F 1 ATP synthase during CRH before and after IP. The transient changes in enzyme activity suggested that F 0 F 1 ATP synthase is reversibly modulated as a consequence of the different experimental maneuvers. The putative candidate for this modulation is IF 1 . To test this hypothesis, we measured the response of F 0 F 1 ATP synthase hydrolytic activity assayed after each experimental maneuver to a high-salt buffer (150 mM KCl), which is known to increase the enzyme activity as a consequence of partial IF 1 release (42). The activation percentages calculated for each time point are reported in Table 1 .
In the biopsies of nonpreconditioned heart, the activation percentage induced by high-salt buffer fell from 20% in C np to 3% during CRH np and increased to 45% 4 min after the beginning of CRH np (P Ͻ 0.05 vs. C np for both). It returned to the C np level 6 min after the artery was reopened. After IP, however, the percentage increased to 31% in C prec (P Ͻ 0.05 vs. C np , Student's t-test); then it was 19% (P ϭ NS vs. C prec ) during CRH prec and 25% (P ϭ NS vs. C prec ) 4 min after the beginning of CRH prec . These data indicate that, before KCl treatment, F 0 F 1 ATP synthase was inhibited 4 min after the beginning of CRH np , as well as 10 min after IP in C prec , in contrast to our observation during CRH np , when F 0 F 1 ATP synthase inhibition by IF 1 was low. Values are means Ϯ SE; n ϭ 8 (hemodynamic variables) and 6 -8 (biochemical variables). HR, heart rate; ABP, aortic blood pressure; CBF, coronary blood flow; CRH, coronary reactive hyperemia; np, nonpreconditioned; prec, preconditioned. Before preconditioning: Cnp, control; CRHnp, during CRH; 4 min, 4 min after beginning of CRHnp; 6 min, 6 min after beginning of CRHnp. After preconditioning: Cprec, control; CRHprec, during CRH; 4 min, 4 min after beginning of CRHprec. CBF at CRHprec represents peak hyperemic flow. Values in parentheses represent percent increase in activity, which was detected after biopsy sonication in high-salt buffer (KCl). High-salt sonication is known to increase enzyme activity as a consequence of partial IF1 release. Low and high percent increases in activity suggest release and binding, respectively, of IF1 to F0 F1 ATP synthase in vivo (42) . Percent IF1-inhibited activity was calculated from values observed under routine conditions at each time point with respect to value observed in Cnp after sonication in high-pH buffer (2.48Ϯ0.04 /mg), considered to be 95%.
a P Ͻ 0. Because the sonication of the biopsies in high-pH buffer (pH 9.2) stripped away Ն95% of the endogenous IF 1 from F 0 F 1 ATP synthase (40), we consider the ratio of the enzyme activity measured after sonication under routine conditions in low-salt buffer at pH 7.2 to that measured in control biopsies after sonication at pH 9.2 to be an index of the amount of the enzyme inhibited by IF 1 (Table 1) . Specifically, the amount of inhibited enzyme decreased significantly from 63 Ϯ 2% in C np to 54 Ϯ 3% in CRH np (P Ͻ 0.05). At 4 min after the beginning of CRH np , the percentage increased to 72 Ϯ 2% (P Ͻ 0.05 vs. C np ) and returned to C np 6 min after the artery was reopened (63 Ϯ 2%, P ϭ NS vs. C np ). The percentage of inactive enzyme (67 Ϯ 2%) was significantly higher in C prec than in C np (P Ͻ 0.05, Student's t-test), indicating that IP favored the binding of IF 1 to F 0 F 1 ATP synthase. Finally, Tukey's honestly significant difference post hoc tests revealed that the changes during and after CRH prec were not significant with respect to C prec .
Although the percentages of the enzyme inhibited by IF 1 change significantly in response to CRH np and IP, they always remain high. This is a well-known phenomenon, the meaning of which is debated (6, 7, 12, 38) .
To exclude alterations in the synthesis and/or proteolytic degradation of the enzyme, we analyzed the detergent extracts of biopsies with BN-PAGE. The densitometric analysis of gels did not reveal, in the various samples, any significant change in the content of F 0 F 1 ATP synthase or mitochondrial complexes (Fig. 3) , indicating that the changes in activity were not due to alterations in enzyme content.
ATP concentration and ATP/ADP. Data for ATP concentration and ATP/ADP are reported in Table 1 . During C np , ATP concentration was 3.74 Ϯ 0.6 mol/g, and ATP/ADP was 7.38 Ϯ 0.45. ATP concentration fell to 2.52 Ϯ 0.82 mol/g (P ϭ NS vs. C np ) and 1.77 Ϯ 0.44 mol/g (P Ͻ 0.05 vs. C np ) during CRH np and 4 min after the beginning of CRH np , respectively. ATP/ADP was reduced by about one-half during CRH np (3.95 Ϯ 0.61, P ϭ 0.01 vs. C np ) and 4 min after the beginning of CRH np (3.43 Ϯ 0.51, P ϭ 0.01 vs. C np ). At 6 min, ATP concentration and ATP/ADP began to rise again to 2.80 Ϯ 0.68 mol/g and 5.24 Ϯ 0.61, respectively (P ϭ NS vs. C np for both). After IP, in C prec , ATP concentration and ATP/ADP were 1.58 Ϯ 0.48 mol/g and 4.28 Ϯ 0.65, respectively. Both variables were significantly (P Ͻ 0.001, Student's t-test) reduced with respect to C np . In CRH prec , ATP concentration and ATP/ADP rose sharply to 3.47 Ϯ 079 mol/g (P Ͻ 0.05 vs. C prec ) and 10.43 Ϯ 2.43 (P ϭ NS), respectively. The two variables were 2.49 Ϯ 0.63 mol/g and 15.30 Ϯ 5.26, respectively, 4 min after the beginning of CRH prec , both showing a significant (P Ͻ 0.05 vs. C prec ) increase. Despite an overall increase, the change in ATP/ADP during CRH prec was not significant because of data dispersion.
In the experiments where we assessed the effects of IP, a sharp increase in ATP/ADP (10.13 Ϯ 2.67) was also observed 4 min after C prec . This increase was very similar to that observed in the other experiments 4 min after the beginning of CRH prec . Finally, 30 min after C prec , the ratio returned to C np .
The values of all biochemical variables obtained from remote controls were not significantly different from those obtained in C np , showing no time-dependent deterioration of the heart throughout the experiment.
DISCUSSION
This study indicates that brief (15 s) periods of ischemia are able to induce transient variations of F 0 F 1 ATP synthase activity and the ATP pool before, but not after, preconditioning, when the enzyme activity is blunted for a long time. Our data strongly indicate that the F 0 F 1 ATP synthase activity modulation during CRH (up-and downregulation) and after IP is due to the release/binding of IF 1 to the enzyme. Moreover, this study confirms that there is little relation between F 0 F 1 ATP synthase activity and the ATP pool in preconditioned hearts. In fact, the reduction in F 0 F 1 ATP synthase activity was associated with a reduction in tissue ATP concentration and ATP/ADP during C prec , whereas during and after (4 min and 30 min) CRH prec , the two parameters did not appear to be related, perhaps because F 0 F 1 ATP synthase and cytoplasmic ATPase activities are reduced in preconditioned hearts (2, 17, 19, 33, 36, 44, 48) . Therefore, the ATP pool is the result of the relative activity of these two kinds of enzymes.
Hemodynamic measurements. In the present study, as well as in previous studies (8, 30, 32) , IP does not alter resting heart rate, ABP, and CBF. In contrast, total hyperemic flow during CRH prec was markedly reduced. In a previous investigation, the reduction of the total flow of reactive hyperemia after IP was attributed to a reduced myocardial oxygen demand (8) . The fact that the amplitude of total hyperemic flow depends on the changes in postischemic myocardial metabolism induced by IP was further supported by studies where mitochondrial ATP-sensitive K ϩ channels were activated with diazoxide (32). The observation that heart rate and blood pressure were not affected by IP suggests that the reduction in oxygen demand in preconditioned hearts does not reflect any remarkable impairment of the external cardiac performance.
F 0 F 1 ATP synthase activity during CRH np . Our results suggest that F 0 F 1 ATP synthase was modulated by IF 1 during and after CRH np .
With respect to the increased activity of F 0 F 1 ATP synthase observed during CRH np , several hypotheses can be entertained. The fundamental mechanism triggering CRH is mediated primarily by the production of local metabolic vasodilators released from cardiomyocytes secondary to the oxygen deliverydemand mismatch during the preceding coronary occlusion (8, 9, 13, 23, 46) . In such a condition, ATP hydrolysis prevails over ATP synthesis, although the ischemia lasted only 15 s. Therefore, the reduction of myocardial ATP concentration caused by the hydrolysis may have contributed to the increased F 0 F 1 ATP synthase activity through a feedback mechanism mediated by IF 1 release (21) . Moreover, the increase in enzyme activity can be attributed to enhanced myocardial oxygen delivery, associated with increased coronary flow when a reduction of ATP concentration is likely to trigger ATP resynthesis (14) . This is consistent with the finding that F 0 F 1 ATP synthase increases in response to physiological increases in myocardial work induced by infusion of phenylephrine in the dog (42) .
After CRH np , F 0 F 1 ATP synthase activity returned to baseline 6 min after release of the artery. The transient reduction of the activity observed 4 min after the beginning of CRH np is intriguing. Although it is mediated by IF 1 binding, it is difficult to explain. We can argue that the increase of enzyme activity during CRH np , followed by a reduction a few minutes later, is somehow correlated to the initial increase and the subsequent decrease in oxygen uptake that occur during reactive hyperemia (41) . Moreover, we hypothesize that this transient inhibition may be interpreted as a counterpart of the long-lasting inhibition observed after longer/preconditioning ischemia (present study; 2, 7, 48; see below).
F 0 F 1 ATP synthase activity after IP. After IP, F 0 F 1 ATP synthase activity was low for Ն30 min. Such an inhibition was due to higher IF 1 binding to the enzyme with respect to C np , as suggested by the activation observed with KCl treatment of biopsies (31% vs. 20%; Table 1 ). In such a condition of long-lasting inhibition of the enzyme, CRH prec was not able to change significantly F 0 F 1 ATP synthase activity with respect to C prec , in contrast to CRH np with respect to C np . The fact that, during the 15-s occlusion leading to CRH prec , ATP hydrolysis occurred to a lesser extent (35, 36) than during the occlusion leading to CRH np , thereby not inducing the feedback activation mechanism mediated by IF 1 release, may have contributed to this relative unresponsiveness of the enzyme. This hypothesis is consistent with the relation between the reduction of CRH Fig. 3 . Blue-native electrophoresis (BN-PAGE) of mitochondrial oxidative phosphorylation complexes in biopsies of goat heart during CRH before and after ischemic preconditioning. A: myocardial biopsies obtained from baseline were treated with n-dodecylmaltoside, and oxidative phosphorylation complexes were separated by BN-PAGE and stained with Coomassie blue G. Different quantities of proteins (8 -19 g) were loaded onto the gel. Coomassie-stained band areas of complex V obtained from densitometric analysis of different gels were correlated to protein quantities loaded. B: biopsies were collected during experimental maneuvers, frozen in liquid N2, and stored at Ϫ80°C until use. Detergent extracts from myocardial specimens and bovine heart mitochondria were run on BN-PAGE and stained with Coomassie blue G. Bovine heart mitochondria were used as standard for identification of oxidative phosphorylation complexes as described elsewhere (21) . Lanes are loaded with 15 g of extract proteins in the case of goat heart biopsies or with 20 g of extract proteins in the case of bovine heart mitochondria. after IP and the decreased activity of F 0 F 1 ATP synthase. In other words, because the hydrolytic activity of the enzymes (F 0 F 1 ATP synthase and nonmitochondrial ATPases) is blunted during the preceding coronary occlusion, it is likely that the production of local metabolic vasodilators (e.g., adenosine) from cardiomyocytes is reduced.
Because ATP concentration is low in C prec , the binding of IF 1 may be triggered by the metabolic alterations (i.e., high lactate and creatine phosphate/phosphate overshoot) observed after preconditioning ischemia (10, 18, 33) . The subsequent increase in ATP concentration may be responsible for the sustained inhibition of the enzyme (see below). Mitochondrial K ϩ channel opening, which is a pivotal step of IP, may also be involved in IF 1 binding to the enzyme, as recently suggested from in vitro studies (1, 5) .
ATP concentration and ATP/ADP. No apparent correlation was found between F 0 F 1 ATP synthase activity and ATP concentration and ATP/ADP. Because ATP concentration and ATP/ADP and, hence, the cell energy state depend essentially on the cell energy demand-supply equilibrium, it is not surprising that the two factors are not strictly linked during acute perturbations of coronary flow. In other words, ATP concentration reflects the overall activity of F 0 F 1 ATP synthase and ATPases until the sampling time, rather than the activity of the enzymes at that time.
ATP concentration and ATP/ADP during CRH np . It is likely that, during the occlusion leading to CRH np , ATP concentration and ATP/ADP decreased as a consequence of prevailing ATP hydrolysis due to the lack of oxygen during the 15 s of occlusion. It is then possible that, during CRH np , ATP concentration did not have enough time to recover fully, despite the transient activation of F 0 F 1 ATP synthase above the control value. Moreover, the reduction of the enzyme activity 4 min after the beginning of CRH np may have contributed to the decrease of ATP concentration at this time and to the incomplete recovery of ATP/ADP 6 min after release of the artery when F 0 F 1 ATP synthase activity returns to the control level.
ATP concentration and ATP/ADP after IP. IP is known to depress cell ATP concentration (17, 19, 35, 36, 44) . In particular, Jennings et al. (17) reported that ischemic preconditioning in the dog (10 min of ischemia ϩ 10 min of reperfusion) reduces ATP by 30% and slightly reduces ADP (Ϫ25%). Therefore, because of the prevalence of reduction in ATP concentration, ATP/ADP is also reduced after IP. It is then likely that the decrease in ATP concentration and ATP/ADP observed after IP (i.e., in C prec ) is the consequence of the total of 5 min of ischemia of IP (2 periods of 2.5 min each of ischemia), during which ATP hydrolysis prevails over ATP resynthesis. In our model, ATP concentration and ATP/ADP decreased by a larger extent than observed by Jennings et al. (16, 17) in the dog, probably due to species difference, which implies different degrees of inhibition of mitochondrial ATPase activity (10) .
The significant increase in ATP concentration and ATP/ ADP 4 min after the beginning of CRH prec as well as 4 min after C prec , when CRH was not induced (the 2 additional experiments), might be due to the reduced rate of ATP hydrolysis by cytoplasmic ATPases, as documented in preconditioned hearts (17, 19, 33, 35, 44) . The enhanced exogenous glucose uptake and glycolysis that occur in preconditioned heart might also contribute to the increase in ATP concentration (29, 44) . Both of these mechanisms may be associated with the partial recovery of mitochondrial oxidative phosphorylation after preconditioning ischemia (17, 29) . Indeed, when measured 30 min after C prec , ATP/ADP returns to the same value observed in C np , indicating that the sharp increase in CRH prec and 4 min after C prec might be attributed to a transient decrease in oxygen demand characterizing early preconditioning. These findings are in agreement with the fact that 2-3 min of ischemia are followed by recovery of the adenylate pool in minutes or hours, rather than in days, as required by longer periods of ischemia (19) .
In summary, after preconditioning ischemia, the ATP pool continues to increase, while ATP synthesis by F 0 F 1 ATP synthase is reduced. It is then likely that the increase in the ATP pool is sustained by inhibition of cytoplasmic ATPases. On the other hand, the increasing ATP pool contributes to the blunting of F 0 F 1 ATP synthase activity during early preconditioning. Therefore, perturbations, such as 15 s of occlusion and CRH, are not able to significantly change the activity of F 0 F 1 ATP synthase. Also, the pattern of variations of F 0 F 1 ATP synthase activity and ATP/ADP we observed is consistent with the reduced hyperemic flow and with the reported reduction of ATP hydrolysis when a coronary occlusion is performed in preconditioned hearts (17, 19, 28, 35, 43, 44) .
Limits of the study. One of the limits of this procedure concerns the ability to perform biopsies that would reduce to a minimum the time required for freeze clamping of the tissue before significant changes occur in ATP/ADP. This time was, in most cases, kept to Ͻ2 s, thereby allowing minimal changes in ATP/ADP. However, to limit myocardial injury, the size of the samples was rather small. Despite optimization in the extraction procedure, the small size of the samples often induced an unfavorable signal-to-noise ratio, which precluded analysis and quantification of chromatographic peaks lower than those of ADP and ATP, namely, all the other metabolites of ATP (AMP, adenosine, inosine, hypoxanthine, and xanthine). Moreover, elution of creatine and creatine phosphate, which normally occurs early in the chromatogram together with inosine, hypoxanthine, and xanthine, was difficult to discern for quantitative purposes.
It must be also stressed that an appropriate control group is missing in this study. Such a group would have required a larger number of animals. Although this flaw may weaken our conclusions with regard to the effects of the experimental maneuvers on the observed changes, the fact that remote control data are similar to C np data, as well as the consistency of the results obtained in the two additional animals, suggests that the changes described in this study depend on the maneuvers, rather than on the elapsed time. Inasmuch as the purpose of this study was to focus on the effects of the single maneuver, we used as reference points the values measured before each individual maneuver.
In conclusion, very short (a few seconds) episodes of ischemia induce transient variations of F 0 F 1 ATP synthase activity, which may explain why ischemias of such a duration are unable to induce preconditioning. The activity of F 0 F 1 ATP synthase transiently increases during CRH np and transiently decreases immediately after the hyperemia, but after 6 min it returns to control. Whether these variations can be attributed to a feedback mechanism triggered by low ATP concentration during coronary occlusion and/or to oxygen uptake variations during CRH remains to be elucidated.
On the contrary, longer (minutes) periods of ischemia are able to blunt F 0 F 1 ATP synthase activity for a longer time, and subsequent periods of ischemia are not able to up-or downregulate this enzyme further. After IP, F 0 F 1 ATP synthase activity is blunted during C prec , and it does not increase significantly during CRH prec . This inhibition is not reversed 30 min after C prec . This suggests that such inhibition is slowly reversible and may play an important role in the preservation of ATP during prolonged ischemia, when F 0 F 1 ATP synthase becomes a major ATP consumer.
We provide evidence that, under all conditions before and after IP, inhibition of F 0 F 1 ATP synthase activity is due to enzyme modulation by IF 1 binding.
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